1. The population size of seabirds is often difficult to estimate from surveys at breeding colonies because of factors such as burrow nesting and nocturnal breeding. The reliability of alternative surveys conducted at sea has not previously been validated. Samplebased estimates from at-sea surveys could be biased and have poor precision due to non-random survey design and the uneven distribution of seabirds at sea. 2. We conducted at-sea surveys of western gulls Larus occidentalis and common guillemots Uria aalge of the Farallon Islands, California, USA, and waved albatrosses Phoebastria irrorata of the Galápagos. The observed counts were modelled using generalized additive models (GAMs), with a correction factor for bird movement relative to the ship included in an offset. The models were used to produce estimates of the size of the seabird populations at sea, which were compared with independent colony-based estimates, adjusted to account for the number of non-breeders. 3. Gull and guillemot populations were estimated separately for each of 10 survey years. Temporal trends were estimated by smoothing through the annual values. The albatross data from 7 survey years were pooled to obtain a single estimate of average population size. 4. The coefficients of variation (CVs) of the annual estimates were approximately 10%, 15-20% and 15-45% prior to smoothing for the albatross, gull and guillemot, respectively. The CVs of the smoothed estimates were about 10% for the gull and 15% for the guillemot. These represent substantial improvements in precision over previous samplebased estimates from at-sea surveys. 5. The colony-based estimates usually lay within the 95% confidence intervals (CIs) of both the annual and smoothed sea-based estimates, showing that the sea-based methods worked well. 6. Synthesis and applications. We conclude that GAMs of at-sea seabird survey data, collected under suitable protocols and corrected for bird movement, can accurately estimate population size. Given sufficient demographic information, these methods can provide a valuable tool for the management of populations that are difficult to census at the breeding colony.
Introduction
Accurate estimates of population size and temporal trend are required for the successful management of animal populations. Many species of seabirds cannot be censused accurately at their breeding colonies due to nocturnal activities, inaccessible nests (e.g. burrows), inaccessible terrain and intermittent or protracted breeding seasons.
Attempts have been made to estimate the size of breeding populations using data from at-sea surveys of some species (Ainley, O'Conner & Boekelheide 1984; Stahl & Bartle 1991; Piatt & Ford 1993; van der Meer & Leopold 1995; Attie, Stahl & Bretagnolle 1997) . However, subadults and nonbreeder adults must be subtracted from the sea-based estimate if the population size of breeders is required. Thus the accuracy of these estimates depends on the accuracy of both the sea-based estimate and the available demographic information.
The accuracy of sea-based estimates depends on accurate determination of seabird density at sea, a task hampered by several biases (Tasker et al . 1984; van der Meer & Camphuysen 1996) . For example, the effect of random directional bird movement relative to that of the ship usually results in substantial over-estimation of density. The effect of random, but not responsive, movement is potentially correctable with vector analysis of 'continuous' survey data (Spear, Nur & Ainley 1992) or the use of 'snapshot' surveys (van Franeker 1994) . However, validation of estimated densities from such surveys, by comparison with independent estimates, has not been attempted.
Seabirds are often surveyed from vessels that are at sea for another reason, and do not provide random coverage of the seabird range. This problem is intensified by the uneven distributions of seabirds; if surveys take place predominantly in areas with atypical density, estimates will be biased. Furthermore, the clustering of seabirds at sea causes high variation in density estimates. Thus the precision of sample-based population size estimates from at-sea seabird surveys has usually been poor Attie, Stahl & Bretagnolle 1997) or ignored (Ainley, O'Conner & Boekelheide 1984; Stahl & Bartle 1991; Piatt & Ford 1993) .
The objectives of this study were to (i) develop a more accurate and precise population size estimation procedure and (ii) use that procedure to validate at-sea surveys as a method for estimating population size of seabirds. Accurate, independent estimates of at-sea population size for several species with different at-sea behaviours and distributions were required to assess our methodology. These were made on the basis of censuses on the breeding colonies and demographic information to estimate the number of non-breeders.
At-sea surveys to estimate population size should be conducted throughout the foraging range of the population, which should not overlap with conspecific populations during the sampling period. We conducted suitable surveys in the Pacific Ocean from 1980 to 1994 for the western gull Larus occidentalis (Audubon) and common guillemot Uria aalge (Pont.) populations breeding in the Gulf of the Farallones, California, USA, and the entire waved albatross Phoebastria irrorata (Salvin) population, which breeds almost exclusively in the Galápagos (Harris 1973; Douglas 1998) .
These species have low reproductive and high survival rates (see Appendix) and therefore their population size should vary little between years. They have different behaviours and ranges at sea. Western gulls are often attracted to ships and are usually sighted in flight, whereas common guillemots and waved albatrosses are usually sitting on the water. Guillemots dive for long periods and albatrosses avoid ships. The study populations of the gull and guillemot have small foraging ranges during the breeding period (13 300 and 14 800 km 2 , respectively), whereas that of the waved albatross is 527 600 km 2 . Survey coverage for the gull and guillemot was six times higher (3·6% and 3·4% of the foraging range per year, on average) than that of the albatross (0·6% for all years combined).
Previous attempts have been made to reduce bias caused by non-random survey design. Anganuzzi & Buckland (1993) used post-stratification and van der Meer & Leopold (1995) estimated seabird abundance using kriging and polynomial regression. Here we use generalized additive models (GAMs; Hastie & Tibshirani 1990) to estimate seabird population size and trend from at-sea surveys. Inference from modelbased methods, unlike sample-based methods, is not dependent on a random survey design and therefore the methods are suited to data from at-sea seabird surveys. GAMs have been used in place of stratified sampling to estimate fish or fish egg abundance with substantial improvements in precision (Swartzman, Huang & Kaluzny 1992; Borchers et al . 1997; Augustin et al . 1998) . The gains in precision arise because GAMs capture non-linear trends in density while using few parameters. GAMs also provide a methodology for smoothing time series of abundance estimates to allow estimation of underlying trends (Buckland, Cattanach & Anganuzzi 1992; Siriwardena et al . 1998 ).
Methods

   
Within the Gulf of Farallones, the primary colonies of the western gull and common guillemot are on the Farallon Islands (Fig. 1) . We conducted at-sea surveys of these species during the egg-laying to chick-rearing periods (April May and June; Ainley & Boekelheide 1990) , when the foraging ranges of breeding gulls and guillemots are within 75 km and 80 km of the colony (Spear 1988; Ainley & Boekelheide 1990 ) and cover 13 300 and 14 800 km 2 of ocean, respectively. There are no other major colonies of either species within 500 km of the Farallones, although small colonies on the Point Reyes Peninsula (Carter et al . 1992) were included in the colony-based estimates. Waved albatrosses breed on Isla Española, Galápa-gos Islands (Fig. 2) (Douglas 1998 ). The population forages in the Peru (Humboldt) Current, with a small percentage feeding adjacent to the Galápagos. The pelagic foraging range of the population has been determined using our data in combination with those of Pitman (1986) . It extends from the Galápagos Islands to Ecuador, and south along the coast of Peru (Fig. 2) , covering around 527 600 km 2 . Our surveys were conducted during the fledging to non-breeding period (November, December and March; hereafter autumn/winter) and during the egg-laying to early chick-rearing period (April, May and July; hereafter spring/summer; Harris 1973; Douglas 1998).
 
Survey design
Each year from 1985 to 1994, we conducted at-sea surveys of the western gull and common guillemot during the breeding season on cruises designed to assess rockfish ( Sebastes spp.) stocks and seabird abundance in the Gulf of the Farallones. The cruise tracks were pre-set and varied between years, covering most sections of the Gulf along latitudinal, equidistant lines (Figs 4 and 5). Annual survey coverage averaged 485·3 km 2 and 504·6 km 2 or 3·6% and 3·4% of the foraging range for the gull and guillemot, respectively. We surveyed waved albatrosses on cruises in autumn/winter 1985 , 1986 and spring/summer 1980 , 1986 , 1987 , 1989 . Cruise tracks of 1980-89 were set for oceanographic research, but those of 1990-92 were designed to survey seabirds in the Peru Current. Total survey coverage was 3253 km 2 of ocean or 0·6% of the pelagic range.
Survey protocol
We used strip-surveys to survey seabirds continuously during daylight whenever the ship was underway. L.B. Spear and/or D.G. Ainley participated in each cruise and trained nine observers, several of whom made repeated cruises. Two or three observers participated on each cruise, two of which were on watch simultaneously whenever surveys were conducted. Thus the survey protocol and search effort were highly consistent. Surveys were divided into 15-min segments. At the beginning of each, we recorded ship speed and direction, latitude and longitude. All birds within a survey-strip off one forequarter of the ship's bow were counted. For each bird flying in a steady direction, we recorded flight direction to the nearest 10 ° , as required for vector analysis (Spear, Nur 
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Estimating seabird abundance from at-sea surveys & Ainley 1992) . Survey strip-width differed with observation platform height. In the Gulf of the Farallones, platforms were 10 m above sea level (a.s.l.) and stripwidth was 300 m. In the Peru Current, platforms were 12-15 m a.s.l. and strip-widths were 400-600 m. Stripwidths were calibrated according to Heinemann (1981) and calibrations were checked using radar fixes on floating objects. For an alternative method, see Gordon (2001) .
Adjustment for behavioural patterns at sea
Some western gulls were attracted to the research vessels. Only those approaching from the area beyond the forequarter being surveyed were recorded and an adjustment factor of one-third was used for these counts. This correction has not been validated.
Guillemots dive for up to 112 s (Piatt & Nettleship 1985) . To minimize missing birds underwater, one observer scanned the water 0·5 km ahead for birds that dived ahead of the vessel. Even at the maximum ship speed of 10 knots there was ample time to detect guillemots between dives.
Waved albatrosses sitting on the water up to 2 km ahead of the ship often flew away from the cruise track. We therefore scanned the area ahead of the ship to record those birds that would have occurred in the survey zone, if they had not moved.
The majority of guillemots and albatrosses logged were stationary whereas most gulls were in transit (Table 1) . Vector analysis (Spear, Nur & Ainley 1992 ; flight speeds from Spear & Ainley 1997 ) was used to adjust counts for the effect of bird movement relative to that of the ship. Although guillemots flew considerably faster than gulls or albatrosses, the gull counts were most affected by this correction due to the larger proportion in transit.
-    
We used colony censuses and species' demography to estimate the population sizes of the three species at sea (Table 2 ; see Appendix for details). Hereafter, these are termed colony-based estimates. Precision was not estimated, because a single colony census was conducted each year. The colony-based estimates were calculated independently, prior to the analysis of the at-sea survey data.
  -  
We used GAMs (Hastie & Tibshirani 1990 ) to estimate population size from the at-sea survey data. Hereafter, these are termed sea-based estimates. GAMs are an extension of generalized linear models (GLMs; McCullagh & Nelder 1989) . One advantage of GLMs and GAMs over linear models is their ability to cope with errors that are not normally distributed. Linear models can be expressed as:
where y is the response variable, E [ y ] represents the expected value of y , x k is the k th explanatory variable (covariate) and the β 0 are constants estimated from the data. The right-hand side of the equation is the linear predictor. GLMs allow the linear predictor to be a nonlinear function of the expected observations:
where g (·) is the link function defining the relationship between the response and the linear predictor. The principal strength of additive models is their ability to fit complex smooth functions (smooths) in the predictor rather than being constrained by the linearity implicit in GLMs. A GAM, the generalized version of an additive model, is expressed as:
The right-hand side of the equation is the additive predictor. β 0 is an intercept term and S k is a onedimensional smoothing function for the k th spatial covariate, x k . The degree of smoothing is determined by the degrees of freedom (d.f.) associated with the smoothing function. The larger the degrees of freedom, the less the smoothing performed and the more flexible the function obtained. A GAM in which all the smoothing functions have one d.f. is equivalent to a GLM. An offset (a linear covariate whose coefficient is one) can also be included in the predictor. This is useful when a transformation of the response variable can be modelled using a standard distribution. For example, rather than modelling density, we could model numbers, with area surveyed as an offset.
Modelling spatial distributions
GAMs were fitted using the 'gam' command in S-Plus, which uses cubic smoothing splines to smooth covariates. The methods could also be implemented using the package 'mgcv' in the R environment (Ihaka & Gentleman 1996; Wood 2002) . For the gull and guillemot, a model was fitted to the data for each year separately. However, because the annual survey coverage of the albatrosses' foraging range was poor, we pooled these data across season and year. This was justified because the albatross population size should not vary much over time (see Appendix) and there is no evidence that this population was being adversely affected by longlining, which has been observed in other albatross populations (Brothers 1991; Tuck et al . 2001) .
We used the observed seabird counts on a 15-min survey segment as the response variable. Segments outside the foraging range of each species were excluded. The explanatory variables considered for each model were latitude, longitude, shortest distance to mainland, distance to breeding colony and ocean depth. Distance to breeding colony, ocean depth and distance to mainland were calculated for each segment using the position of the segment along with coastline and bathymetry data obtained from http://rimmer.ngdc.noaa.gov/coast and http://ingrid.ldgo.columbia.edu/SOURCES/ .WORLDBATH/, respectively.
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Count data are often modelled using a Poisson error structure, in which the variance is equal to the mean (McCullagh & Nelder 1989) . However, when the individuals occur in clusters, the variance of the counts is larger than implied by a Poisson distribution, i.e. they are 'overdispersed'. We modelled these data using the Poisson variance function and estimating a dispersion parameter, which we incorporated into the model selection procedures (cf. Venables & Ripley 1997) . Observed counts must be adjusted for bird movement and depend on the area surveyed within the segment, so we used the logarithm of the area surveyed multiplied by the bird-movement adjustment factor (which varies for each data point) as an offset. The logarithm was used because we used a log-link function.
Model selection with GAMs involves choosing explanatory variables and their degree of smoothing. Forward stepwise selection was used to select the covariates for each model on the basis of Akaike's information criterion (AIC; Akaike 1973) . Each covariate was included as a linear term or a smooth with four d.f. Residual plots were examined to ensure that the model fits were adequate. Because bird clusters could overlap adjacent survey segments, counts were not necessarily independent. Thus, current model selection methods, which assume the observations are independent, could result in overfitting. However, overfitting should not bias the population size estimate, although its variance will increase (Augustin 1999) , and the choice of a maximum of four d.f. in the smooths reduced the possibility of overfitting. An alternative approach would be to model the correlation by means of autocovariates (Augustin, Mugglestone & Buckland 1996) .
Estimation of population size and temporal trend
Once fitted, a GAM provides a smooth average density surface over the area of interest, including unsampled areas. Population size was estimated by integrating numerically under this surface. This was done by first creating a fine grid across the study area. The fitted surface was then used to predict the average number of birds in each grid-square. Finally, population size was estimated as the sum of the predicted numbers over all grid-squares within the study area. Because the boundaries of the study areas are smooth, some grid-squares overlapped or did not reach the boundary. To reduce bias caused by this, we ensured that the area of gridsquares outside the study area was similar to that not covered by grid-squares nearby.
To estimate the temporal trend in population size of the gull and guillemot, an additive model (i.e. a GAM with a normal error distribution and identity link) was fitted to the 10 annual estimates, with year as the only covariate. Model selection was performed between modelling the year effect as a cubic smoothing spline with 2 d.f., a linear term, or a constant. A maximum of 2 d.f. was allowed because there were only 10 data points and we were interested in trends rather than short-term fluctuations (Fewster et al . 2000) .
Bootstrap variance estimation
Confidence intervals (CIs) for population size were obtained using bootstrapping. Bootstrapping involves creating many new data sets from the original sample, and analysing these new samples in the same way as the original. The distribution of the statistic of interest is then estimated from its empirical distribution among the bootstrap samples.
To accommodate the correlation between counts from survey segments that were close in space and time, we used an adaptation of a moving-blocks bootstrap (Efron & Tibshirani 1993) . In a moving-blocks bootstrap, the data are resampled with replacement from all possible contiguous blocks of some specified length. The block lengths are determined by taking into account the strength of the autocorrelation between observations; the block should be long enough so that observations further than one block length apart are independent.
Because counts from survey segments within a day were likely to be correlated, day was used as the sampling unit (block). The 'length' of each day was measured as the number of segments surveyed. The resampling algorithm works through the data set, recreating each day's data in turn. Generating data for a day involved randomly selecting a day from the survey data and randomly selecting a segment to start from within that day. Counts for the survey segments in the original day were then recreated in turn from the survey segments in the new day using the semi-parametric bootstrap procedure (cf. Davison & Hinkley 1997) described below. If the end of a day was reached before enough segments had been resampled, the resampling was continued at the start of the next day. For the gull and guillemot, there was an average of 22 segments per day, and an average of 14 days sampled per year. For the albatross there were 35 days of data with an average of 17 segments per day.
A bootstrap count b i for segment i was generated from segment j as follows: 
estimate of the dispersion parameter φ . This occasionally resulted in small negative counts that we set to zero. If this method of dealing with the negative values seriously affected the distribution of the bootstrapped values, it would have been apparent in a comparison of the residual plots for the bootstrapped data with the residual plots for the original data. For our data, small fitted values often had large residuals, whilst large fitted values had small residuals (Fig. 3) . This is because even a count of one is large compared with a fitted value of 0·05. If the bootstrap procedure applied a large residual to a large fitted value, the result would be an unrealistically large value. Similarly, if only small residuals were applied to small fitted values, we would not recreate the occasional observation in the midst of zeros. To avoid creating inappropriate bootstrap values, we defined a threshold, Ψ T , between 'large' and 'small' fitted values. Values of Ψ T (Table 3) were chosen for each data set using residual plots, by choosing the lowest fitted value greater than the fitted values of the very large residuals (Fig. 3) . This procedure is similar to the stratification of residuals suggested by Davison & Hinkley (1997) . We then bootstrapped the residuals for large fitted values separately from those for small fitted values, using Ψ T to distinguish between them. Having selected segment j from which to resample segment i , we checked that f i and f j were either both greater than Ψ T (large) or both less than Ψ T (small). If they were on the same side of the threshold, we continued with the bootstrap procedure; otherwise, we set j = j + 1, i.e. moved to the next segment, and again compared f i and f j to Ψ T . We continued in this way until f i and f j were both above or both below the threshold. This procedure was more successful in mimicking the error structure of the original data than simpler procedures (Fig. 3) , although the bootstrap data sets were not as overdispersed as the original data (Table 3) .
A total of 999 bootstrap resamples was generated for each data set being modelled. The model was refitted to each bootstrap resample and a new population size estimate obtained. However, as is common with bootstrap resamples obtained from GAMs, these estimates were slightly biased. To adjust for this, they were rescaled by multiplying by the ratio of the original estimate to the mean of the bootstrap estimates. The coefficient of variation (CV) of the population size estimate was calculated by dividing the sample standard deviation of the scaled bootstrap estimates by the original estimate of population size. The 95% CIs were estimated using the percentile method (cf. Davison & Hinkley 1997) .
To obtain CIs for the population trends for the gull and guillemot, another bootstrap was performed. The 10 sets of 999 rescaled bootstrap annual estimates were arranged into 999 sets of 10 annual estimates, each containing one bootstrap estimate for each of the 10 years. The selected model was refitted to each set of annual estimates in turn and the fitted population size was calculated for each year. The percentile method was used to obtain 95% CIs for the population size in each year from the bootstrap fitted values for that year.
Results
 
Selected models for the spatial distributions of the western gull and common guillemot usually included most of the covariates, although ocean depth was selected least. Gull and guillemot distributions depended on distance to the breeding colony in most years, although in later years they congregated near the mainland (Figs 4 and 5) . If the distributions had been similar for all years, then a single spatio-temporal model with year as a covariate could have been used to model the distribution and trend simultaneously. All covariates were included in the albatross model, which predicted that waved albatross congregated on waters over the continental shelf of Peru (Fig. 6 ).
     
Annual estimates of population size for the gull and guillemot varied substantially between years (Fig. 7 and Table 3 ). CVs were approximately 15-20% and 15-45%, respectively, and the 95% CIs were highly variable. Smoothing through these estimates reduced the CVs to about 10% and 15% for the gull and guillemot, respectively. The lower precision for the guillemots reflected larger dispersion parameter estimates, due to their more clustered distributions (Table 3) .
The model selected for the trend in gull population size was a smooth with 2 d.f., indicating a significant decline over the 10 years. The model selected for the trend in guillemot population size was also a smooth with 2 d.f., indicating a slight increase in the middle years, but the CIs indicated no significant trend (Table 3 and Fig. 7) . The estimate of average albatross population size over the years 1980-92 was 45 500 birds [CV 10% ,CI(39 600, 59 100)]. As previously explained, the population size estimates were calculated using a correction for the effect of bird movement relative to the ship. On average, correcting for movement reduced the estimates by 37%, 33% and 20%, for the gull, guillemot and albatross, respectively (Table 3) .
  -  - 
Colony-based estimates for the gull population were available only for 1985 and 1994, the end-points of our time series (see Appendix; Table 3 and Fig. 7) . The colonybased estimate for 1985 was within both the annual and smoothed CIs of the corresponding sea-based estimate, while the estimate for 1994 was within the annual CI but just outside the smoothed CI. This was acceptable given the variability in the colony-based estimate, which we have not calculated here (but see the Discussion).
Eight of the 10 colony-based estimates for the guillemot fell within the 95% CIs for the smoothed sea-based estimates (Fig. 7) and the average for the seabased estimates (68 800 birds) was similar to the average of the colony-based estimates (69 100 birds). The trend in the sea-based estimates (highest midstudy) differed from that of the colony-based estimates (lowest mid-study) but the CIs for both sets of smoothed estimates overlapped considerably, indicating the trends were not significant.
The colony-based estimate for the albatross population of 46 200 birds was similar to the sea-based estimate (45 500 birds) and fell well within the 95% CI (Table 3) .
Discussion
This is the first study to validate estimates of seabird population size obtained using survey data collected at sea. It is also the first study to validate colony-based estimates using comparisons with independently derived estimates. Given the positive outcome of our Table 3 . Population size estimates obtained by analysing the at-sea data using GAMs, with estimates of precision obtained by bootstrapping. Column headings are year, (annual population size estimate), CV( ) (bootstrap coefficient of variation of annual estimate, expressed as a percentage), S (smoothed population size estimates), CV( S ) (bootstrapped coefficient of variation of smoothed estimate, expressed as a percentage), U (population size estimate calculated without including a correction for movement in the offset), n (sample size; number of survey segments), Ψ T (threshold value used in the bootstrap procedure), 2 (estimated dispersion parameter for the original data), (mean estimated dispersion parameter for the bootstrapped data) comparisons, it appears that both methods worked well, and that GAMs provide a strong analytical tool for use with sea-based data.
   - 
The sea-based and colony-based estimates of the western gull indicated that the population was declining. We believe this was real and probably resulted from the decline in food supply during this study, as a result of ocean warming due to several El Niños (Ainley, Sydeman & Norton 1995; Roemmich & McGowan 1995; Viet, Pyle & McGowan 1996) and the inland relocation of coastal rubbish tips. Prior to 1989, the gulls foraged mostly on fish obtained at sea (Ainley & Boekelheide 1990) . However, the reduction in oceanic food caused the gulls to feed more often within the San Francisco Bay and along the mainland coast, which would explain the greater decline in the sea-based estimates compared with the colony-based estimates. Another probable explanation for the differences between colony-based and sea-based estimates of the gull was that the demographic parameters used to estimate the subadult and non-breeder component expected at sea came from data collected during the late 1970s and early 1980s (see Appendix) when food supply was more favourable. Because first-and secondyear birds have much higher mortality than adults, and are first to be affected by a decline in food supply, any increase in mortality lasting several years would result in a proportionally greater decline in the number of non-breeding adults compared with breeders. In addition, an increase in mortality of breeding adults would result in increased recruitment of non-breeding adults to occupy vacant nesting sites. Finally, the breeding population was probably limited by nesting space early in the study period (Ainley & Boekelheide 1990 ) and thus the sea-based estimate may in fact have been a more accurate estimate of the true adult population. In combination, these factors would result in a proportionally larger decline in the number of adults at sea compared with the colony.
The sea-based and colony-based annual estimates for the common guillemot indicated that it was relatively stable between 1985 and 1994. However, the sea-based estimates differed from the colony-based estimates by 18% on average, and varied more between years than expected.
The large range of between-year variation in the gull and guillemot estimates prior to smoothing could have resulted from four factors. First, the availability of oceanic food also differed considerably interannually (Ainley et al. 1996) . Secondly, the survey coverage varied between years and may not always have been sufficient. Thirdly, the overdispersed Poisson error structure may not have accurately modelled the clustered counts. Finally, we used the same correction factor each year to account for colony attendance of adults, which had a large effect on the colony-based estimates. This probably varies between years as a result of food availability. When food supply is poor, more time must be spent foraging. This was likely to have been the reason for the reversal in population trends for the guillemot as the highest sea-based estimates occurred during El Niños in 1987 and 1990-91, when the food supply was poor. In years of very good food supply, the colony-based estimates were high and the sea-based estimates were low. Averaging across the 10 years, however, produced almost identical results. This indicates that both methods worked reasonably well, notwithstanding the potential problems of modelling highly clustered data with light survey coverage (Fauchald, Erikstad & Systad 2002 ).
The colony-based and sea-based estimates of waved albatross population size differed by less than 2%, indicating that the GAM performed well despite the light survey coverage. This was primarily because the variables we examined are good indicators of waved albatross abundance. Also these birds were evenly dispersed at sea and are probably consistent in their breeding effort and colony attendance (Harris 1973) .
   - 
We are not aware of colony-based studies of seabirds that have quantified the precision of population size estimates, and only three studies have attempted this using data collected at sea (for six species of procellariids): ; Attie, Stahl & Bretagnolle (1997) and van der Meer & Leopold (1995) . We estimated CVs from the former two papers as between 17% and 38%, using CIs presented therein. van der Meer & Leopold (1995) obtained a CV of 12·5%. These CVs are comparable with those of our estimates prior to smoothing, and are generally larger than those of the smoothed estimates. -east Farallon Island, during spring 1985 , 1988 , 1991 . The positions of the survey segments are superimposed. Densities greater than 50 birds km −2 have been set to 50 birds km −2 to show changes in density more clearly.
  
Vector correction reduced the sea-based population size estimates of the gull, guillemot and albatross by 37%, 33% and 20%, respectively, on average. Note, however, that vector analysis reduced the observed counts by only 24%, 19% and 15% for the three respective species (Table 1) , which shows that differences between uncorrected and corrected counts are poor indicators of the overall effect of these corrections on the GAM-based estimates. This is due to a combination of several factors that vary among data sets and models. Specifically, the effect that vector correction has on the final estimate depends on the individual correction factors, the relative size and position of the counts, the degrees of freedom in the smooths and the link used in the GAM. Indeed, this is an additional fact attesting to the importance of using a model-based estimation procedure such as GAMs to estimate population size from counts.

This study shows that at-sea survey data, analysed with GAMs, can provide accurate and precise estimates of population size (including adult and subadult components). They can be used for species that are difficult, if not impossible, to census on breeding grounds, such as most procellariiform and alcid seabirds. GAMs can be applied in situations where sample-based methods are not appropriate, and are able to estimate spatial distributions whilst simultaneously identifying important indicators, such as ocean depth or distance to colony, of where the birds are feeding. Accuracy of sea-based estimates will depend on the researchers' ability to account for, or avoid, biases related to the at-sea survey design, demography and behaviours at sea. Perhaps foremost among these is the effect of bird movement relative to the survey ship, which, in this study, was adjusted for using vector analysis (Spear, Nur & Ainley 1992) . Without careful forethought, at-sea surveys should not be used to estimate population size of species that are attracted to or repelled from survey vessels in appreciable numbers. Nor is this method on its own suitable for species that switch from oceanic to terrestrial food sources (e.g. large gulls).
At-sea surveys designed to provide seabird population size estimates would be least compromised by factors related to the chronology of colony attendance if they were conducted during the non-breeding season, when the entire population is at sea. It will be difficult to obtain estimates of the size of breeding populations from at-sea surveys for most species because of the lack of demographic information. However, knowing the size of the entire population is of considerable value in itself, and in many cases it might be possible to estimate breeding populations to a reasonable degree of accuracy using demographic information from related species.
-       
Western gull
We can calculate the number of adults at sea, N S , from the number of breeding adults at sea, N BS , plus the number of non-breeding adults at sea, N NBS :
Breeding adults N BS is given by:
where α BS is the proportion of breeding adults at sea and N B is the total number of breeding adults. Ground censuses of the western gull colony on south-east Farallon Island produced estimates of about 24 000 breeding adults in 1985 and 19 000 breeding adults in 1994 Nur, Ford & Ainley 1994) . The Farallones colony comprises about 99% of the gulls breeding within the study area (Carter et al. 1992) . Censuses conducted during 1978-86 of proportions of nesting pairs present at the nest sites throughout the day indicated that α BS = 0·37. Hence our estimates of N BS were 8880 and 7030 for 1985 and 1994, respectively (Table 2) .
Non-breeding adults
where N NB is the number of non-breeding adults in the population, N NBC is the number of non-breeding adults on the colony, and α 75 is the proportion outside the foraging range. Western gulls obtain adult plumage when they are 3 years old. The median age-of-first-breeding is 5·5 years (Spear, Sydeman & Pyle 1995) . Hence, the number of non-breeding adults in the population is given by:
where N a is the number of birds of age a.
where m i is the annual survival rate from age i − 1 to age i. N F is the number fledged for that year, given by the number of breeding pairs times the average annual productivity, p, i.e. N F = 0·5pN B . Thus:
The average annual productivity during 1985 -93 was 1·29 chicks per pair (Pyle et al. 1991) and the mean survival rates of birds aged 1, 2, 3 and 4 years and older during 1978-86 were 0·55, 0·80, 0·85 and 0·83, respectively (Spear et al. 1987) . Thus our estimates of N NB were 12 589 birds in 1985 and 9966 birds in 1994. As α 75 = 0·194 (Spear 1988 ) and the average number of non-breeding adults present on the island was 310 birds (L.B. Spear, unpublished data), our estimates of the total number of non-breeding adults in the study area were 9897 and 7783 birds, respectively (Table 2 ). Thus our estimates of the total number of adults at sea in the study area were 18 777 for 1985 and 14 813 for 1994 (Table 2) .
 
To estimate the number of guillemots at sea we used the number of breeding adults on the colony, N BC , the proportion of breeding adults at sea, α BS , and the ratios of non-breeding adults to breeding adults, α NB , and of subadults to adults, α SUB , in the population.
The number of breeders at sea is N BS = α BS N BC , and the number of non-breeding adults at sea is N NBS = α NB N BS . The number of subadults at sea is N SUBS = α SUB N AS , where N AS , the total number of adults at sea, is N AS = N BS + N NBS . Hence the total number of birds at sea, N S , is:
Aerial photography censuses, and ground censuses of the areas that were not easily photographed by air, were carried out annually during the peak breeding season in 1985-94. These yielded an average estimate of 102 500 guillemots breeding on the north and south Farallon Islands and Point Reyes Headland (Manual et al. 1996; Sydeman et al. 1997) . Monitoring a study plot with known number of nest sites indicated that 40% of the breeding population was at sea at any given time during daylight. Thus our estimate of the number of breeding adults at sea was 41 000 (Table 2) .
Examination for the presence of brood patches of 52 adult guillemots collected in the study area during the incubation periods of 1985-88 revealed that 39 had brood patches and 13 did not (D.G. Ainley & L.B. Spear, unpublished data) . The laying date of guillemots is very synchronous (Ainley & Boekelheide 1990) and, therefore, assuming that adults without a brood patch were non-breeders, α NB = 1/3. Thus our estimate of the number of non-breeding adults at sea was 13 667.
In a sample of 172 guillemots of all ages collected at random in the survey area during the breeding season, 1985-89, 36 were in subadult plumage and 136 were adults (D.G. Ainley & L.B. Spear, unpublished data) . Thus α SUB = 0·265 and our estimate of the average number of subadults at sea was 14 470 and the total number of non-breeders was 28 137 birds (Table 2) . Hence our estimate of the average annual number of guillemots at sea is 69 137 (Table 2) .
 
Censuses of the waved albatross on Isla Española in 1994 indicated a minimum breeding population of 18 200 pairs (Douglas 1998 ). This estimate is 1·5 times higher than the 12 000 pairs estimated during a survey in 1971 (Harris 1973) . Although the difference in estimates may represent a true increase in population size, the 1971 estimate was probably low (M.P. Harris, personal communication; Douglas 1998) . We assume therefore that the number of breeders was approximately 36 400 birds during 1980-92.
Waved albatrosses attempt to breed each year after first breeding (Harris 1973) . They are absent from the colony from late January through February, begin to reoccupy the colony in early March, and lay eggs from early April to mid-June (Harris 1973; Douglas 1998) . After laying, the female and male take turns between incubation and foraging at sea until the chick is 2 weeks old. At that time (June-July) both adults begin foraging simultaneously, returning briefly to feed the chick until it goes to sea between November and January Waved albatrosses have low reproductive success, primarily due to a high rate of egg loss, which occurs mainly between April and June (Harris 1973) . After breeding failure, both individuals usually go to sea and do not return until the next season. Using this information, we estimated that the number of breeding adults at sea averaged 75% of the breeding population (27 300 birds; Table 2 ) during our spring/summer surveys (in April, May and July) and 92·5% (33 670) during the autumn/winter surveys (late-November to late-December and late-March; see details on colony attendance in Harris 1973) .
We estimated the total number of non-breeders using the formulae used for the western gull. Demographic information, as follows, was obtained from Harris (1973 Harris ( , 1979 : (i) mean age of first breeding, 7·0 years; (ii) annual breeding after having first bred; (iii) average annual productivity of 0·161 chicks per pair; (iv) fledglings leave the island in late autumn and early winter; and (v) fledgling and non-breeding adult survival of 0·947 and 0·960, respectively. This yielded an estimate of 17 245 non-breeding birds during autumn/winter and 20 175 in spring/summer, the latter including the new cohort of fledged young.
To estimate the number of non-breeders at sea, we used colony attendance figures from Harris (1973) . Five per cent of 320 birds trapped at the colony during April-July, and 67% of 183 birds trapped during November and December, were non-breeders. Thus, using the estimates of breeders on the colony above, we estimated that the number of non-breeders on the colony was 475 birds during the spring/summer surveys and 5545 birds during the autumn/winter surveys, and that the number of non-breeders at sea was 19 700 in spring/summer and 11 700 in autumn/winter (Table 2) .
Thus our estimates of the number of albatrosses at sea during the spring/summer and autumn/winter surveys were 45 370 and 47 000 birds, respectively ( Table 2) . Because of the need to pool the at-sea data across years and the similarity of the spring/summer and autumn/winter colony-based estimates, we pooled the colony-based estimates across seasons. Thus, our estimate of the number of waved albatrosses available for at-sea surveys was 46 185 birds (Table 2) .
